By using the ultrasound-assisted liquid phase exfoliation method, Bi 2 Te 3 nanosheets are synthesized and deposited onto a quartz plate to form a kind of saturable absorber (SA), in which nonlinear absorption properties around 2 μm are analyzed with a home-made mode-locked laser. With the as-prepared Bi 2 Te 3 SA employed, a stable passively Q-switched all-solid-state 2 μm laser is successfully realized. Q-switched pulses with a maximum average output power of 2.03 W are generated under an output coupling of 5%, corresponding to the maximum single-pulse energy of 18.4 μJ and peak power of 23 W. The delivered shortest pulse duration and maximum repetition rate are 620 ns and 118 kHz under an output coupling of 2%, respectively. It is the first presentation of such Bi 2 Te 3 SA employed in a solid-state Q-switched crystalline laser at 2 μm, to the best of our knowledge. In comparison with other 2D materials suitable for pulsed 2 μm lasers, the saturable absorption performance of Bi 2 Te 3 SA is proved to be promising in generating high power and high-repetitionrate 2 μm laser pulses.
INTRODUCTION
Benefitting from the nature of strong absorption by water as well as eye safety, 2 μm lasers have a series of applications in various fields, such as laser surgery, free-space communication, and coherent LIDAR [1] [2] [3] and have gained much attention. Especially, the pulsed laser deposition [4] and pumping sources for optical parametric oscillations [3] to generate mid-infrared radiations demand pulsed lasers with high power. Q-switching is a direct way to generate such pulsed laser sources. The crucial optical components for Q-switches include active modulators such as acoustic and electro-optical modulation module and passive modulators such as different saturable absorbers (SAs). Compared with active Q-switching, passive Q-switching based on SA is advantageous in compactness, convenience, and low-cost. Exploring novel SAs with high quality and performance, especially those suitable for the mid-infrared lasers developed quickly in recent years, is always a hot topic. Before 2003, the commonly used SA for pulsed lasers was a semiconductor saturable absorber mirror (SESAM), which, however, was soon substituted by low-cost and easily synthetized carbon nanotubes (CNTs) due to the complicated fabrication process and necessary expensive facilities. Since then, different structured CNTs have been widely investigated in both Q-switching and mode-locking lasers [5, 6] . Since 2004, when the single-layer carbon atom was successfully exfoliated from graphite, 2D graphene has become the most attractive SA in generating laser pulses with high performance [7] [8] [9] . Although graphene has intrinsic advantages of broadband absorption, controllable modulation depth, and low nonsaturable loss, the relatively low modulation depth and low damage threshold prohibit the generation of high pulse energy and high-power pulsed lasers [10] .
Similar to the Dirac electronic structure of graphene, which is known as a Dirac cone [11] , another group of 2D materials, topological insulators (TIs), has been proposed and investigated in recent years. Generally, bulk TIs materials have a small bandgap, but a gapless metallic surface state is generated in layered 2D TIs, which are caused by strong spin-orbit coupling and time-reversal symmetry [12] . With such typical band structure, 2D TIs materials show broadband absorption like CNTs and graphene and have become promising optical modulators candidates in generating laser pulses. In 2012, the saturable absorption property of TIs was first demonstrated at 1.5 μm by Bernard et al. [13] . Since then, a lot of research on TI materials has sprung up in a wide spectral range covering 1-3 μm. For fiber lasers, using either bulk or layered TIs as SAs, both Q-switching and mode-locking operations have been realized, from which short and even ultrashort laser pulses have been obtained with pulse durations ranging from several hundred of femtoseconds to several microseconds [14] [15] [16] . Nevertheless, the inherent undesirable nonlinear effects in fiber limit the Q-switched laser performance at ∼2 μm. As demonstrated in Refs. [15, 16] , the Bi 2 Te 3 SA Q-switched fiber lasers could only generate ∼2 μm pulses with durations wider than 1.7 μs, repetition rates lower than 60 kHz, output powers below 30 mW and the pulse energies smaller than 1 μJ. As for solid-state lasers, pulsed operations based on TI SAs have been achieved in Nd 3 , Yb 3 , Er 3 , and Pr 3 ion-doped bulk lasers [17] [18] [19] [20] [21] [22] around 1, 1.6, and 604 nm, respectively. Very recently, Jiang et al. employed a few-layered Bi 2 Te 3 SA in a Tm:ZBLAN waveguide laser and realized Q-switched mode-locking operation [23] . However, the obtained maximum output power was as low as 16.3 mW at a corresponding maximum repetition rate of 44.1 kHz, and the achieved shortest pulse duration was as large as 1.4 μs; thus, the pulse generation ability of Bi 2 Te 3 SA needs to be further explored. Furthermore, benefitting from the high thermal conductivity and energy storage ability, crystalline lasers can provide a suitable environment and margin for the employment of novel SA. Thus, incorporating the Bi 2 Te 3 SA in a solid-state laser, the pulsed laser characteristics, including high output power, short pulse duration, and large repetition rate, are highly expected to be improved.
In this paper, we successfully synthesized a kind of Bi 2 Te 3 SA on a quartz plate and characterized its nonlinear absorption properties at 2 μm. By using the as-fabricated Bi 2 Te 3 SA in a diode-pumped solid-state Tm:LuAG laser, passive Q-switching laser operation was realized at 2023 nm, and the output laser performance, including the average output power, pulse duration, and repetition rates, as recorded and analyzed. A maximum output power of 2.03 W has been achieved, corresponding to the maximum single pulse energy of 18.4 μJ and peak power of 23 W under an output coupling of 5%. The shortest pulse duration of 620 ns was obtained at a maximum repetition rate of 118 kHz under an output coupling of 2%. The temporal profiles of the pulse train and the shortest pulse as well as the emission spectrum also were recorded and presented at the end of this paper.
PREPARATION AND CHARACTERIZATION OF Bi 2 Te 3 SA
The synthesis of Bi 2 Te 3 nanosheets were performed by using the UALPE method, which has been widely used due to its low cost and convenience. The raw Bi 2 Te 3 powder, with a purity of 99.99% and size of around 5 μm, was bought from a commercial company, in which 678 mg Bi 2 Te 3 powder and 10 mL absolute ethyl alcohol were mixed in centrifuge tube. Then the centrifuge tube was sonicated in an ultrasonic machine for 12 h with a power of 100 W. After the sonication process, Bi 2 Te 3 nanosheets were formed and floated in the alcohol, along with the residual bulk Bi 2 Te 3 . To divide the nanosheets from the bulk Bi 2 Te 3 , the centrifuge tube was kept standing in a beaker for 10 h. Finally, 10 μL suspension was absorbed by a suction pipet from the two-thirds resultant mixture suspension and dripped onto a quartz plate with a size of 20 mm × 20 mm × 0.5 mm. Soon, the mixture solution on the substrate was dried, and a Bi 2 Te 3 SA was well prepared.
To characterize the quality of as-prepared Bi 2 Te 3 SA, the surface topography was measured by atomic force microscopy (AFM), as shown in Fig. 1(a) . Three typical nanosheets were selected and analyzed. The height profiles of the selected three nanosheets were recorded along the black line, as shown in Fig. 1(a) , and three symbols of arrowhead on the top corner showed the measurement direction of height profiles. As can be seen in Fig. 1(b) , the as-prepared Bi 2 Te 3 nanosheets had thicknesses of ∼50 nm, which was the key factor to determine the modulation depth and the unsaturable loss of Bi 2 Te 3 SA, and the widths of Bi 2 Te 3 nanosheets were around 400 nm, which were much smaller than the original Bi 2 Te 3 powder, confirming the excellent ultrasonic peeling under the power of 100 W and duration of 12 h and the availability of peeling solvent of absolute ethyl alcohol.
The nanostructured Bi 2 Te 3 SA was further identified using a Raman spectrometer (LabRAM HR800) with a resolution of One of the most important properties for a SA is its nonlinear optical response. With a home-made mode-locked 2 μm laser employed, which emitted a pulse with duration of 40 ps and wavelength of 2009 nm, the nonlinear absorption property of Bi 2 Te 3 SA was investigated (see Fig. 3 ). The modulation depth, nonsaturable loss and saturation intensity were estimated 7.5%, 5.5%, and 786 W∕cm 2 , respectively. Figure 4 shows the optical transmission of the Bi 2 Te 3 nanosheets dripped on a quartz plate. The transmission at 2 μm was measured to be 88.3%. Considering the Bi 2 Te 3 has a bandgap of ∼0.2 eV, the transmission of longer wavelength can be seen in Ref. [26] .
LASER EXPERIMENT AND RESULTS
To further characterize the saturable absorption property of the as-prepared Bi 2 Te 3 SA under laser operation, a simple planoconcave cavity was employed (the schematic setup is shown in Fig. 5 ). The physical length of the whole laser cavity was 2.5 cm. A fiber-coupled diode laser with a maximum output power of 50 W and output wavelength of 787 nm was employed as the pump source. Through a 1:1 imaging module, the pump light was focused into the laser crystal with a beam radius of 200 μm. M 1 was a concave dichroic mirror with a curvature radius of 200 mm and employed as an input mirror, which was anti-reflectivity (AR) coated from 750 to 850 nm (reflectivity < 2%) and high reflectivity (HR) coated (reflectivity > 99.9%) from 1850 to 2100 nm. A Tm:LuAG crystal with 6 at.% Tm 3 ions doping and a size of 4 mm × 4 mm × 8 mm was used as the gain medium, both faces of which were AR coated from 750 to 850 nm (reflectivity < 2%) and 1830-2230 nm (reflectivity < 0.8%). To efficiently remove the accumulated heat, the laser crystal was wrapped by indium foil and embedded in a brass heat sink, which was water cooled at 14°C. M 2 was a flat mirror and worked as an output coupler (OC). For comparisons of laser performance, two OCs with different transmittances of 2% and 5% were utilized. The Bi 2 Te 3 SA was placed near the OC M 2 as close as possible to obtain large power intensity.
The average output powers were measured by a laser power meter (MAX 500AD, Coherent, USA). First, the CW Tm:LuAG laser characteristics were recorded; Fig. 6(a) shows that the maximum output powers for OCs of T 2% and T 5% were 1.9 and 2.16 W, respectively, corresponding to slope efficiencies of 17% and 20%. Figure 6(b) shows the average output power performance of a diode-pumped Bi 2 Te 3 SA Q-switched Tm:LuAG laser. Using two OCs with different transmittances of 2% and 5%, two sets of average output powers were recorded and plotted, shown as dots in Fig. 6(b) . When the incident pump power exceeded 0.8 and 1.2 W for T 2% and T 5% OCs, respectively, the laser began to oscillate and directly ran into Q-switching operation. With the incident pump powers increased from 2 to 12 W, the Research Article average output powers increased almost linearly for both T 2% and T 5% OCs. As shown in Fig. 6(b) , the dependence of average output powers on incident pump powers was linearly fitted, and a slope efficiency of 19% was obtained for the T 5% OC, which was higher than that of 15% for the case of T 2% OC. Under Q-switching operation, a maximum average output power of 2.03 W was achieved for the T 5% OC, which was also higher than that of 1.65 W for the case of T 2% OC. In the experiment, the as-prepared Bi 2 Te 3 SA sample was found to be easily damaged when the incident pump power exceeded 12 W, corresponding to an intracavity peak power intensity of about 2.7 MW∕cm 2 on the Bi 2 Te 3 SA, which was regarded as the damage threshold of the asprepared Bi 2 Te 3 SA. The relatively low damage threshold was attributed to the unwanted impurities introduced into the Bi 2 Te 3 SA during the imperfect fabrication process [27] . To protect the laser crystal and Bi 2 Te 3 SA from being damaged, the incident pump power was not increased beyond 12 W. Additionally, using a laser spectrometer (APE WaveScan, APE Inc.) with a resolution of 0.4 nm, the emission spectra from the Tm:LuAG laser with and without the Bi 2 Te 3 SA were recorded and shown in Fig. 7 , respectively. As shown in Fig. 7 , without the Bi 2 Te 3 SA in the cavity, the output wavelength was centered at 2027 nm with an FWHM of 15 nm, while the center wavelength blueshifted to 2023.6 nm with an FWHM of 3 nm when the Bi 2 Te 3 SA was inside the cavity. The change of output spectra was attributed to the insertion loss induced by the Bi 2 Te 3 SA, which not only increased the inversion rate in a typical three-level laser system leading to a spectral blueshift but narrowed the spectrum because the low-gain laser modes were prevented from oscillating.
The output pulse characteristics were detected by a fast InGaAs photodetector (EOT, ET-5000, USA) with a response time of 35 ps and monitored by a digital oscilloscope (1 GHz bandwidth, Tektronix DPO 7102, USA). The dependences of pulse duration, repetition rate, single pulse energy, and peak power on incident pump powers are summarized in Fig. 8 . From Fig. 8(a) , the pulse duration shows nearly linear decline tendency for both cases of T 2% and 5% OCs when the incident pump power was below 9 W; however, the pulse durations tended to decrease slowly with the further augmentation of incident pump powers for both cases. We attributed this phenomenon to the decrease of ground state population of Tm 3 ions due to the high-intensity pumping. Under the maximum incident pump power of 12 W, the shortest pulse durations for T 2% and 5% OCs were 620 and 800 ns, respectively. The relationship between the pulse repetition rates and incident pump powers is shown Fig. 8(b) , from which we can see that the repetition rate almost linearly increased with the augmentation of the incident pump power, and no saturation tendency was observed for both cases of T 2% and 5% OCs. Within the pump power range in the experiment, the repetition rates ranged from 33 to 118 kHz and 28 to 110 kHz for T 2% and 5% OCs, respectively. Figures 8(c) and 8(d) show the variations of single pulse energies and peak powers against incident pump powers. Initially, the single pulse energies augmented steadily with the increase of incident pump powers. At the incident pump power of about 6 W, the increase trend ceased and the single pulse energy became somehow saturated, probably due to the thermal effect happening to the laser crystal and Bi 2 Te 3 SA. As seen in Fig. 8(c) , maximum single pulse energies of 14 and 18.4 μJ were obtained, respectively, for the T 2% and 5% OCs. Figure 8(d) presents the dependence of peak powers on the incident pump powers, which are calculated by using single-pulse energies and pulse durations. It can be seen that the delivered pulse peak powers varied from 2.1 to 22.6 W and 1.4 to 23 W for the cases of T 2% and 5% OCs, respectively, and no apparent saturation tendency was found in both cases. The temporal pulse profiles were recorded, as shown in Fig. 9 . The typical pulse trains at different repetition rates of 28, 41, 67, 83, and 100 kHz were summarized for comparisons, from which a maximum pulse-to-pulse instability of 3.5% was observed, showing a good Q-switching stability. The temporal profile of the shortest pulse with duration of 620 ns was also recorded, as shown in Fig. 9 . By using a 90.0/10.0 scanning-knife-edge method, the M 2 factors of the Q-switched laser beam under the maximum output power were measured to be 1.62 and 1.59 in the tangential and sagittal planes, respectively, as shown in Fig. 10 .
It should be noticed that the obtained pulse laser characteristics, including a maximum average output power of 2.03 W under the output coupling of 5%, corresponding to a maximum single pulse energy of 18.4 μJ and peak power of 23 W as well as a minimum pulse duration of 620 ns at a maximum repetition rate of 118 kHz under the output coupling of 2% were all superior to those from the Bi 2 Te 3 SA Q-switched fiber lasers, as shown in Refs. [15, 16] . Furthermore, compared with other 2D material-based SA, including graphene, WS 2 , MoS 2 , and black phosphorus (BP), the single-pulse energy we obtained here is only smaller to that generated by BP SA at 2 μm wavelength [28] [29] [30] [31] . But the insurmountable disadvantage of easy oxidation of BP limits the application of BP-based SA. In summary, the achieved pulse characteristics well indicated the excellent performance of as-prepared Bi 2 Te 3 SA in generating stable solid-state 2 μm laser pulses with high power and high repetition rate. From this point of view, Bi 2 Te 3 SA can act as a promising modulator candidate to generate a high pulse energy laser.
CONCLUSION
In this paper, a kind of Bi 2 Te 3 SA has been fabricated by UALPE method, and the nonlinear optical properties have been characterized. With the as-prepared SA, an all-solid-state passively Q-switched 2 μm laser was successfully achieved. It was the first demonstration of Bi 2 Te 3 SA utilized in realizing a crystalline pulsed laser at 2 μm, to the best of our knowledge. The obtained shortest pulse duration was 620 ns at a maximum repetition rate of 118 kHz under an output coupling of T 2%. A maximum average output power of 2.03 W was delivered from the realized Bi 2 Te 3 SA-based Q-switched laser, corresponding to the maximum single pulse energy of 18.4 μJ and peak power of 23 W under an output coupling of T 5%, respectively. The experimental results indicated the promising potential of Bi 2 Te 3 in generating mid-infrared laser pulses with high power and high pulse energy. Research Article
